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Description
TECHNICAL FIELD

[0001] The presentdisclosure relates to an ophthalmic
data diagnosis technology, and in particular, to a method
for early diagnosis of keratoconus based on multi-modal
data.

BACKGROUND

[0002] Keratoconus is a clinical ophthalmic disease
characterized by corneal dilation, central thinning, for-
ward protrusion, and conical shape. Such disease is a
contraindication to refractive surgery, occurs in one or
both eyes, and usually results in a significant loss of vi-
sion. The keratoconus usually develops first from the
posterior corneal surface, and then gradually develops
to the anterior corneal surface.

[0003] Atpresent, diagnosis and treatment of the kera-
toconus has developed into a clinical disease with close
cooperation of keratopathy, refractive surgery, and op-
tometry. Usually, a method for diagnosing the kerato-
conus based on corneal topography is a clinical statistical
method. Most of the morphological features of the cor-
neal topography combined with clinical parameters and
medical history are used to diagnose and clinically stage
the keratoconus. The result of a statistical model is a
summary parameter, and a parameter boundary is ob-
tained according to a known diagnostic result data set,
such as the widely used KISA index, inferior-superior (IS)
index, and surface regularity index (SRI)\surface asym-
metry index (SAl). Most of these methods are limited by
platform data, overly rely on a limited number of artificially
identified monocular features, ignore the relationship be-
tween both eyes, and fail to give a good judgment on
early keratoconus and forme fruste keratoconus due to
different sensitivity and specificity of different indexes.

SUMMARY

[0004] Aimingatthe problem of early diagnosis of kera-
toconus, a method for early diagnosis of keratoconus
based on multi-modal data is provided. Based on multi-
modal refractive topographic matrix data, in combination
with the neural network convolution method, the eigen-
value support vector machine (SVM) method, the binoc-
ular contrast method, and the enhanced topography
method with adjustable best-fit-sphere (BFS), compre-
hensive diagnosis results of the keratoconus are given,
and the method has more excellent robustness and ac-
curacy especially for screening and diagnosis of early
posterior keratoconus and forme fruste keratoconus.
[0005] A technical solution of the present disclosure is
as follows: a method for early diagnosis of keratoconus
based on multi-modal data specifically includes the fol-
lowing steps:
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1) acquiring binocular multi-modal data including
four refractive maps for corneas of both eyes and
absolute corneal elevation data, where the four re-
fractive maps for the corneas include an axial cur-
vature map of an anterior corneal surface, a relative
elevation topography of the anterior corneal surface,
a relative elevation topography of a posterior corneal
surface, and a corneal thickness topography; and
the absolute corneal elevation data includes abso-
lute elevation data of the anterior and posterior cor-
neal surfaces;

2) according to classified cases, associating the bin-
ocular multi-modal data with classification catego-
ries, and classifying the data according to require-
ments;

3) unifying data of topographies and the elevation
data of the anterior and posterior corneal surfaces
in the four refractive maps in step 2) into data matri-
ces of a same size;

4) based on the above data, determining early kera-
toconus of the both eyes using four branch methods,
which are respectively recorded as a branch A meth-
od, a branch B method, a branch C method, and a
branch D method, where

the branch A method is as follows: after data
processing, sending all of the data matrices of
the four refractive maps to a classification net-
work of a deep convolutional network to identify
sensitivity and specificity of the keratoconus and
obtain a classification result P(A) output for a
certain case;

the branch B method is as follows: calculating
eigenvalues of each graphic data matrix in all of
the data matrices of the four refractive maps,
and sending eigenvalue data to a binary classi-
fication method usingan SVM to identify the sen-
sitivity and specificity of the keratoconus and ob-
tain a classification result P(B) output for the cer-
tain case;

the branch C method is as follows: comparing
the absolute elevation data of the anterior and
posterior corneal surfaces with BFS data to ob-
tain a critical threshold between keratoconus
cases and normal cases, so as to determine a
classification result P(C) output for the certain
case; and

the branch D method is as follows: obtaining op-
timal sensitivity and specificity as well as a prob-
ability P(D) of the keratoconus of the certain
case using the critical threshold or using an SVM
classification method by taking an average val-
ue, a maximum value, and a standard deviation
of the data matrices of the four refractive maps
for left and right eyes as feature quantities; and

5) weighting and accumulating final results in the
branch A, B, C, and D methods to obtain a final prob-



[0006]
the following specific steps:

[0007]
the following specific steps:
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ability of the keratoconus of the certain case.

Preferably, the branch A method may include

A-1: performing data scaling: scaling all of the data
matrices of the four refractive maps processed in
step 3) to a size of 224x224 by linear interpolation;
A-2: performing data normalization: dividing data in
step A-1 into a training set and a validation set ac-
cording to a ratio of 7:3, then calculating means and
standard deviations of the data matrices of the four
refractive maps on the training set respectively to
correspondingly obtain 4 means and 4 standard de-
viations, and then normalizing data matrices of four
refractive maps for all cases with the means and the
standard deviations;

A-3: based on classification network design of the
deep convolutional network, performing binary clas-
sification on the data matrices of the four refractive
maps using a Resnet50 classification network to
identify a normal cornea and the keratoconus in one
eye;

A-4: training a classification model: connecting the
data matrices of the four refractive maps according
to a channel to obtain an input of 4 channels, where
data amplification may use rotation, translation, and
random fuzzy preprocessing, and a loss function
may use a binary cross entropy function; using train-
ing weights of MobileNetV3 on an IMAGENET data-
set as initial weights, and then performing fine-tuning
training; and finally selecting a training weight with
a smallest difference between loss values of the
training set and the validation set as a training result;
A-5: performing model index evaluation: making pre-
dictions on the validation set, and then comparing
with a true value for evaluation to finally obtain the
sensitivity and specificity of the branch A method in
identifying the keratoconus; and

A-6: outputting results: if test sensitivity and specif-
icity of the training setin step A-5 meetrequirements,
recording probabilities of the keratoconus of the
branch A method for the certain case as p(Al) and
p(Ar) respectively; and outputting classification re-

sults:  P(A)=p(Al),  (p(A>p(Ar)), and  p(Ar),
(p(A)<p(Ar)).
Preferably, the branch B method may include

B-1: calculating axial curvature eigenvalues of the
anterior corneal surface: calculating a maximum cur-
vature point and position coordinates in a data matrix
of an axial curvature of the anterior corneal surface,
calculating an IS value of a difference between upper
and lower refractive power at a position with a diam-
eter of 6 mm, and calculating an SRI and an SAl
within a diameter of 4.5 mm;
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[0008]
the following specific steps:

B-2: calculating relative elevation eigenvalues of the
anterior corneal surface: calculating a maximum el-
evation and position coordinates in a data matrix of
a relative elevation of the anterior corneal surface;

B-3: calculating relative elevation eigenvalues of the
posterior corneal surface: calculating a maximum el-
evation and position coordinates in a data matrix of
a relative elevation of the posterior corneal surface;
B-4: calculating corneal thickness eigenvalues: cal-
culating a minimum thickness and position coordi-
nates in a data matrix of a corneal thickness, and
calculating a thickness at a corneal vertex;

B-5: calculating distance eigenvalues: calculating a
distance from a position of the maximum elevation
of the anterior corneal surface in step B-2 to a posi-
tion of the maximum elevation of the posterior cor-
neal surface in step B-3, calculating a distance from
the position of the maximum elevation of the anterior
corneal surface in step B-2 to a position of the min-
imum corneal thickness in step B-4, and calculating
a distance from the position of the maximum eleva-
tion of the posterior corneal surface in step B-3 to
the position of the minimum corneal thickness in step
B-4;

B-6: calculating corneal volume eigenvalues: per-
forming volume integral on the data matrix of the
corneal thickness within a radius of 4.5 to obtain a
corneal volume;

B-7: normalizing all of the eigenvalues in steps B-1
to B-6, and dividing all of the normalized case data
eigenvalues into a training set and a validation set
according to a ratio of 7:3;

B-8: performing feature training on feature data of
the training set normalized in step B-7 by the binary
classification method using the SVM, where a radial
basis function (RBF) kernel may be selected in the
process, and optimal c and g are obtained to train
data using cross-validation and grid-search;

B-9: performing model index evaluation: making pre-
dictions on the validation set, and then comparing
with a true value for evaluation to finally obtain the
sensitivity and specificity of the branch B method in
identifying the keratoconus; and

B-10: outputting results: if test sensitivity and specif-
icity of the training set in step B-9 meetrequirements,
recording probabilities of the keratoconus of the
branch B method for the certain case as p(B/) and
p(Br) respectively; and outputting classification re-

sults:  P(B)=p(Bl),  (P(BI)>p(Br)), and p(Br),
(p(BI)<p(Br)).
Preferably, the branch C method may include

C-1: calculating standard relative elevation data of
the anterior corneal surface: for the absolute eleva-
tion data of the anterior and posterior corneal sur-
faces, performing spherical fitting on the absolute
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elevation data of the anterior corneal surface within
adiameter of 8 mm to obtain a BFS value, and taking
an elevation difference between the data of the an-
terior corneal surface and the obtained BFS as the
standard relative elevation data of the posterior cor-
neal surface;

C-2: calculating feature elevation data of the anterior
corneal surface: for the absolute elevation data of
the anterior and posterior corneal surfaces, remov-
ing data within a radius of 2 mm of a thinnest point
for spherical fitting by taking the absolute elevation
data of the anterior corneal surface within a diameter
of 8 mm as a benchmark to obtain a BFS value; and
offsetting 5 groups of data up and down respectively
by taking the current BFS as a benchmark and 0.2
mm as a stride to obtain 11 groups of different BFS
values, and taking an elevation difference between
the data of the anterior corneal surface and the ob-
tained different BFS as the feature relative elevation
data of the posterior corneal surface;

C-3: calculating enhanced elevation data of the an-
terior corneal surface: calculating a difference be-
tween the standard relative elevation data obtained
in step C-2 and the 11 groups of feature relative el-
evation data obtained in step C-3 to obtain 11 groups
of enhanced data of the anterior corneal surface;
C-4: calculating standard relative elevation data of
the posterior corneal surface: for the absolute ele-
vation data of the anterior and posterior corneal sur-
faces, performing spherical fitting on the absolute
elevation data of the posterior corneal surface within
adiameter of 8 mm to obtain a BF S value, and taking
an elevation difference between the data of the pos-
terior corneal surface and the obtained BFS as the
standard relative elevation data of the posterior cor-
neal surface;

C-5: calculating feature elevation data of the poste-
rior corneal surface: for the absolute elevation data
of the anterior and posterior corneal surfaces, re-
moving data within a radius of 2 mm of a thinnest
point for spherical fitting by taking the absolute ele-
vation data of the posterior corneal surface within a
diameter of 8 mm as a benchmark to obtain a BFS
value; and offsetting 5 groups of data up and down
respectively by taking the current BFS as a bench-
mark and 0.2 mm as a stride to obtain 11 groups of
different BFS values, and taking an elevation differ-
ence between the data of the posterior corneal sur-
face and the obtained different BFS as the feature
relative elevation data of the posterior corneal sur-
face;

C-6: calculating enhanced elevation data of the pos-
terior corneal surface: calculating a difference be-
tween the standard relative elevation data of the pos-
terior corneal surface obtained in step C-4 and the
11 groups of feature relative elevation data obtained
in step C-5 to obtain 11 groups of enhanced data of
the posterior corneal surface;
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C-7: counting a critical threshold between the kera-
toconus cases and the normal cases in each group
of data in combination with all sample data by taking
a matrix of a total of 22 groups of enhanced data of
the anterior and posterior corneal surfaces obtained
in steps C-3 and C-6 as a feature; and

C-8: recording probabilities of the keratoconus of the
branch C method for the certain case as p(C/) and
p(Cr) respectively, where p(Cl) and p(Cr) may be
obtained through accumulation by taking a differ-
ence between each group of enhanced data calcu-
lated from a current case and the critical threshold
obtained in step C-7 as a weight ratio; and outputting
classification results: P(C)=p(Cl), (p(C/)>p(Cr)), and
p(Cr), (P(CN<p(Cr)).

[0009] Preferably, the branch D method may include
the following specific steps:

D-1: unifying data orientations: mirroring the data
matrices of the four refractive maps for the right eye
in a longitudinal direction, and unifying nasal and
bitamporal orientations of the data matrices of the
four refractive maps for the left and right eyes;

D-2: obtaining diff diagram matrices of the four re-
fractive maps: calculating a point-to-point difference
of the data matrices of the four refractive maps for
the left and right eyes respectively and then taking
an absolute value to obtain the diff diagram data ma-
trices of the four refractive maps;

D-3: calculating diff data features: calculating an av-
erage value, a maximum value, and a standard de-
viation of all data in the diff diagram data matrices
of the four refractive maps within a diameter of 6 mm
respectively as feature quantities;

D-4: counting a critical threshold between the kera-
toconus cases and the normal cases in each group
of data in combination with all sample data by taking
the 12 groups of average values, maximum values,
and standard deviations of diff diagrams of the four
refractive maps for the corneas of the left and right
eyes obtained in step D-3 as features, or normalizing
features of all types of diff data for training and testing
using the SVM classification method to give the op-
timal sensitivity and specificity; and

D-5: recording a probability of the keratoconus of the
branch D method for the certain case as P(D), where
P(D) may be obtained through accumulation by tak-
ing a difference between an eigenvalue of each
group of diff data calculated from a current case and
the critical threshold obtained in step D-4 as a weight
ratio.

[0010] The present disclosure has the following bene-
ficial effects: the method for early diagnosis of kerato-
conus based on multi-modal data of the present disclo-
sure considers a mutual relationship between both eyes,
and combines the deep convolutional network method,
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the traditional SVM method in machine learning, and the
elevation map enhancement method with adjustable
BSF to identify sensitivity and specificity of a focus and
balance the sensitivity and specificity. With multi-dimen-
sional comprehensive judgment of a keratoconus mor-
bidity with a patient as a unit, combined with binocular
data including both manual selection features and deep
network learning from big data, the diagnosis method
has higher robustness and accuracy.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]

FIG. 1 is a flow chart of a method for early diagnosis
of keratoconus based on multi-modal data of the
present disclosure;

FIG. 2 shows four refractive maps for corneas;
FIG. 3 shows an absolute elevation map of anterior
and posterior corneal surfaces;

FIG. 4 is a structural diagram of a classification net-
work in the method of the present disclosure; and
FIG. 5 shows Diff diagrams of four refractive maps
for corneas of left and right eyes.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0012] The present disclosure will be described in de-
tail in conjunction with the accompanying drawings and
specificembodiments. The embodiments are implement-
ed on the premise of the technical solutions of the present
disclosure. The following presents detailed implementa-
tions and specific operation processes. The protection
scope of the present disclosure, however, is not limited
to the following embodiments.

[0013] AsshowninFIG. 1, aflow chart of a method for
early diagnosis of keratoconus based on multi-modal da-
ta specifically includes the following steps.

1. Binocular multi-modal data is acquired, including
four refractive maps for corneas of both eyes and
absolute corneal elevation data. The four refractive
maps are obtained through a three-dimensional an-
terior segment analyzer or an anterior segment op-
tical coherence tomography (OCT) measuring de-
vice. As shown in FIG. 2, the four refractive maps
for the corneas include an axial curvature map of an
anterior corneal surface, a relative elevation topog-
raphy of the anterior corneal surface, a relative ele-
vation topography of a posterior corneal surface, and
a corneal thickness topography. FIG. 3 shows abso-
lute elevation data of the anterior and posterior cor-
neal surfaces.

2. According to classified cases, the binocular multi-
modal data is associated with classification catego-
ries. The number of classifications depends on spe-
cific needs, such as binary classification as kerato-
conus and a normal cornea.
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3. According to the four refractive maps for the cor-
neas and the color corresponding code, the two-di-
mensional full sampling data matrix within adiameter
of 9 mm of the topography is obtained with a data
stride of 0.02 mm (the four maps in the four refractive
maps are called topographies). The size of data of
each topography and the elevation data matrices of
the anterior and posterior corneal surfaces is
451x451.

4. Based on the above data, early keratoconus of
the both eyes is determined using four branch meth-
ods, which are respectively recorded as a branch A
method, a branch B method, a branch C method,
and a branch D method.

[0014] The branch A method is as follows: this branch
method takes a single case as a reference. Each data in
all of the data matrices of the four refractive maps is in-
volved in the calculation. All the factors that may affect
the keratoconus judgment are retained as much as pos-
sible. The purpose of judging lesions in massive data is
achieved through machine self-learning, which can be
independent of the selection of human subjective fea-
tures to enhance the specificity of identifying the focus.
[0015] A-1: Data scaling is performed: all of the data
matrices of the four refractive maps processed in step 3
is scaled to a size of 224x224 by linear interpolation.
[0016] A-2: Data normalization is performed: data in
step A-1 is divided into a training set and a validation set
according to a ratio of 7:3. Then means and standard
deviations of the data matrices of the four refractive maps
are calculated on the training set respectively to corre-
spondingly obtain 4 means and 4 standard deviations.
Then data matrices of four refractive maps for all cases
are normalized with the means and the standard devia-
tions.

[0017] A-3: Based on classification network design of
the deep convolutional network, binary classification is
performed on the data matrices of the four refractive
maps using a Resnet50 classification network to identify
anormal cornea and the keratoconus in one eye. For the
built Resnet50 classification network model, the back-
bone network remains unchanged, only the channelinput
of the first convolutional layer is modified to 4, and the
output number of the finally output fully connected layer
is 2. The network structure is shown in FIG. 4.

[0018] A-4: A classification model is trained: the data
matrices of the four refractive maps are connected ac-
cording to a channel to obtain an input of 4 channels.
Data amplification uses preprocessing such as rotation,
translation, and random fuzziness. A loss function uses
a binary cross entropy function. Training weights of
MobileNetV3 on an IMAGENET dataset are used as in-
itial weights, and then fine-tuning training is performed.
Iterative training is performed for 60 epoches with an in-
itial learning rate of 0.01, and the learning rate is reduced
by 10 times in 20 epoches and 40 epoches respectively.
Atraining weight with a smallest difference between loss
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values of the training set and the validation set is finally
selected as a training result.

[0019] A-5: Model index evaluation is performed: pre-
dictions are made on the validation set, and then com-
pared with a true value for evaluation to finally obtain the
sensitivity and specificity of the branch A method iniden-
tifying the keratoconus.

[0020] A-6: Results are output: if test sensitivity and
specificity of the training set in step A-5 meet require-
ments, probabilities of the keratoconus of the branch A
method for a certain case are recorded as p(Al)and p(Ar)
respectively.  Classification results are output:
P(A)=p(Al), (p(Al)>p(Ar)). and p(Ar), (P(Al)<p(Ar)).
[0021] The branch B method is as follows: this branch
method takes a single case as a reference. The features
that can directly reflect the lesion are manually defined.
Then the supervised learning method SVM is applied to
classify whether the lesion occurs or not. The efficiency
and sensitivity even under small sample data is guaran-
teed.

[0022] B-1: Axial curvature eigenvalues of the anterior
corneal surface are calculated: a maximum curvature
point and position coordinates in a data matrix of an axial
curvature of the anterior corneal surface are calculated.
An IS value of a difference between upper and lower
refractive power at a position with a diameter of 6 mm is
calculated. An SRI and an SAI within a diameter of 4.5
mm are calculated.

[0023] B-2: Relative elevation eigenvalues of the an-
terior corneal surface are calculated: a maximum eleva-
tion and position coordinates in a data matrix of a relative
elevation of the anterior corneal surface are calculated.
[0024] B-3: Relative elevation eigenvalues of the pos-
terior corneal surface are calculated: a maximum eleva-
tion and position coordinates in a data matrix of a relative
elevation of the posterior corneal surface are calculated.
[0025] B-4: Corneal thickness eigenvalues are calcu-
lated: a minimum thickness and position coordinates in
a data matrix of a corneal thickness are calculated, and
a thickness at a corneal vertex is calculated.

[0026] B-5:Distance eigenvalues are calculated: adis-
tance from a position of the maximum elevation of the
anterior corneal surface in step B-2 to a position of the
maximum elevation of the posterior corneal surface in
step B-3 is calculated. A distance from the position of the
maximum elevation of the anterior corneal surface in step
B-2 to a position of the minimum corneal thickness in
step B-4 is calculated. A distance from the position of the
maximum elevation of the posterior corneal surface in
step B-3 to the position of the minimum corneal thickness
in step B-4 is calculated.

[0027] B-6: Corneal volume eigenvalues are calculat-
ed: volume integral is performed on the data matrix of
the corneal thickness within a radius of 4.5 to obtain a
corneal volume.

[0028] B-7: All of the eigenvalues in steps B-1 to B-6
are normalized, and all of the normalized case data ei-
genvalues are divided into a training set and a validation
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set according to a ratio of 7:3.

[0029] B-8:SVMis used forsupportvector model train-
ing. Feature training is performed on feature data of the
training set normalized in step B-7 by the binary classi-
fication method using the SVM. A RBF kernel is selected
in the process, and optimal c and g are obtained to train
data using cross-validation and grid-search.

[0030] B-9: Model index evaluation is performed: pre-
dictions are made on the validation set, and then com-
pared with a true value for evaluation to finally obtain the
sensitivity and specificity of the branch B method in iden-
tifying the keratoconus.

[0031] B-10: Results are output: if test sensitivity and
specificity of the training set in step B-9 meet require-
ments, probabilities of the keratoconus of the branch B
method for the certain case are recorded as p(B/) and
p(Br) respectively. Classification results are output:
P(B)=p(BI), (p(Bl)>p(Br)). p(Br), (p(BI)<p(Br)).

[0032] The branch C method is as follows: this branch
method takes a single case as a reference and upgrades
the traditional Belin method. It not only fully reflects the
lesion features of the anterior and posterior corneal sur-
faces through highly enhanced data, but also improves
the feature dimension by changing different BSF values,
so as to improve the specificity of the statistical method
and reduce the false alarm rate of false positives.
[0033] C-1: Standard relative elevation data of the an-
terior corneal surface is calculated: for the absolute ele-
vation data of the anterior and posterior corneal surfaces,
spherical fitting is performed on the absolute elevation
data of the anterior corneal surface within a diameter of
8 mm to obtain a BFS value, and an elevation difference
between the data of the anterior corneal surface and the
obtained BFS is taken as the standard relative elevation
data of the posterior corneal surface.

[0034] C-2: Feature elevation data of the anterior cor-
neal surface is calculated: for the absolute elevation data
of the anterior and posterior corneal surfaces, data within
aradius of 2 mm of a thinnest point is removed for spher-
ical fitting by taking the absolute elevation data of the
anterior corneal surface within a diameter of 8 mm as a
benchmark to obtain a BFS value. 5 groups of data are
offset up and down respectively by taking the current
BFS as a benchmark and 0.2 mm as a stride to obtain
11 groups of different BFS values. An elevation differ-
ence between the data of the anterior corneal surface
and the obtained different BFS is taken as the feature
relative elevation data of the posterior corneal surface.
[0035] C-3: Enhanced elevation data of the anterior
corneal surface is calculated: a difference is calculated
between the standard relative elevation data obtained in
step C-2 and the 11 groups of feature relative elevation
data obtainedin step C-3 to obtain 11 groups of enhanced
data of the anterior corneal surface.

[0036] C-4:Standard relative elevation data of the pos-
terior corneal surface is calculated: for the absolute ele-
vation data of the anterior and posterior corneal surfaces,
spherical fitting is performed on the absolute elevation
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data of the posterior corneal surface within a diameter of
8 mm to obtain a BFS value, and an elevation difference
between the data of the posterior corneal surface and
the obtained BFS is taken as the standard relative ele-
vation data of the posterior corneal surface.

[0037] C-5: Feature elevation data of the posterior cor-
neal surface is calculated: for the absolute elevation data
of the anterior and posterior corneal surfaces, data within
aradius of 2 mm of a thinnest point is removed for spher-
ical fitting by taking the absolute elevation data of the
posterior corneal surface within a diameter of 8 mm as
a benchmark to obtain a BFS value. 5 groups of data are
offset up and down respectively by taking the current
BFS as a benchmark and 0.2 mm as a stride to obtain
11 groups of different BFS values. An elevation differ-
ence between the data of the posterior corneal surface
and the obtained different BFS is taken as the feature
relative elevation data of the posterior corneal surface.
[0038] C-6: Enhanced elevation data of the posterior
corneal surface is calculated: a difference is calculated
between the standard relative elevation data of the pos-
terior corneal surface obtained in step C-4 and the 11
groups of feature relative elevation data obtained in step
C-5to obtain 11 groups of enhanced data of the posterior
corneal surface.

[0039] C-7: A critical threshold between the kerato-
conus cases and the normal cases in each group of data
is counted in combination with all sample data by taking
a matrix of a total of 22 groups of enhanced data of the
anterior and posterior corneal surfaces obtained in steps
C-3 and C-6 as a feature.

[0040] C-8: Probabilities of the keratoconus of the
branch C method for the certain case are recorded as
p(Cl)and p(Cr) respectively. p(Cl)and p(Cr) are obtained
through accumulation by taking a difference between
each group of enhanced data calculated from a current
case and the critical threshold obtained in step C-7 as a
weightratio. Classification results are output: P(C)=p(Cl),
(p(C>p(Cry). p(Cr), (p(CN<p(Cr)).

[0041] The branch D method is as follows: this branch
method takes binocular cases as a reference, combines
data of the four refractive maps for left and right eyes,
and reflects the features of the lesion itself by extracting
the difference data of the topographies of both eyes,
thereby improving the identification accuracy of patients
with the keratoconus as individuals.

[0042] D-1: Data orientations are unified: the data ma-
trices of the four refractive maps for the right eye are
mirrored in a longitudinal direction, such that nasal and
bitamporal orientations of the data matrices of the four
refractive maps for the left and right eyes are unified.
[0043] D-2: diff diagram matrices of the four refractive
maps are obtained: a point-to-point difference of the data
matrices of the four refractive maps for the left and right
eyes is calculated respectively and then an absolute val-
ue is taken to obtain the diff diagram data matrices of the
four refractive maps, as shown in FIG. 5.

[0044] D-3: diff data features are calculated: an aver-
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age value, a maximum value, and a standard deviation
of all data in the diff diagram data matrices of the four
refractive maps within a diameter of 6 mm are calculated
respectively as feature quantities.

[0045] D-4: A critical threshold between the kerato-
conus cases and the normal cases in each group of data
is counted in combination with all sample data by taking
the 12 groups of average values, maximum values, and
standard deviations of diff diagrams of the four refractive
maps for the corneas of the left and right eyes obtained
in step D-3 as features, or features of all types of diff data
are normalized for training and testing using the SVM
classification method to give the optimal sensitivity and
specificity.

[0046] D-5: A probability of the keratoconus of the
branch D method for the certain case is recorded as P(D).
P(D) is obtained through accumulation by taking a differ-
ence between an eigenvalue of each group of diff data
calculated from a current case and the critical threshold
obtained in step D-4 as a weight ratio.

[0047] 5. Final results in the branch A, B, C, and D
methods are weighted and obtained through accumula-
tion to obtain a final probability of the keratoconus of the
certain case
P=w*P(A)+wy*P(B)+w3*P(C)+w,*P(D)/(Wq+Wytwa+w,
)- Wy, Wo, W3, and w, are the weights of the branch A, B,
C, and D methods respectively. The acquisition of the
weights should make full use of each branch method ac-
cording to the target requirements, so as to achieve an
optimal balance of sensitivity and specificity, and strive
for the smallest false negative rate and false positive rate
while ensuring robustness.

[0048] The above-mentioned embodiments only ex-
press several implementations of the present disclosure,
and the descriptions thereof are relatively specific and
detailed, but they should not be thereby interpreted as
limiting the scope of the present disclosure. It should be
noted that those of ordinary skill in the art can further
make several variations and improvements without de-
parting from the idea of the present disclosure, but such
variations and improvements shall all fall within the pro-
tection scope of the present disclosure. Therefore, the
protection scope of the present disclosure shall be sub-
ject to the appended claims.

Claims

1. A method for early diagnosis of keratoconus based
on multi-modal data, specifically comprising the fol-
lowing steps:

1) acquiring binocular multi-modal data compris-
ing four refractive maps for corneas of both eyes
and absolute corneal elevation data, wherein
the four refractive maps for the corneas com-
prise an axial curvature map of an anterior cor-
neal surface, a relative elevation topography of
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the anterior corneal surface, a relative elevation
topography of a posterior corneal surface, and
a corneal thickness topography; and the abso-
lute corneal elevation data comprises absolute
elevation data of the anterior and posterior cor-
neal surfaces;

2) according to classified cases, associating the
binocular multi-modal data with classification
categories, and classifying the data according
to requirements;

3) unifying data of topographies and the eleva-
tion data of the anterior and posterior corneal
surfaces in the four refractive maps in step 2)
into data matrices of a same size;

4) based on the above data, determining early
keratoconus of the both eyes using four branch
methods, which are respectively recorded as a
branch A method, a branch B method, a branch
C method, and a branch D method, wherein

the branch A method is as follows: after data
processing, sending all of the data matrices
of the four refractive maps to a classification
network of a deep convolutional network to
identify sensitivity and specificity of the
keratoconus and obtain a classification re-
sult P(A) output for a certain case;

the branch B method is as follows: calculat-
ing eigenvalues of each graphic data matrix
in all of the data matrices of the four refrac-
tive maps, and sending eigenvalue data to
a binary classification method using a sup-
port vector machine (SVM) to identify the
sensitivity and specificity of the keratoconus
and obtain a classification result P(B) output
for the certain case;

the branch C method is as follows: compar-
ing the absolute elevation data of the ante-
rior and posterior corneal surfaces with
best-fit-sphere (BF S) datato obtain a critical
threshold between keratoconus cases and
normal cases, so as to determine a classi-
fication result P(C) output for the certain
case; and

the branch D method is as follows: obtaining
optimal sensitivity and specificity as well as
a probability P(D) of the keratoconus of the
certain case using the critical threshold or
using an SVM classification method by tak-
ing an average value, a maximum value,
and a standard deviation of the data matri-
ces of the four refractive maps for left and
right eyes as feature quantities; and

5) weighting and accumulating final results in
the branch A, B, C, and D methods to obtain a
final probability of the keratoconus of the certain
case.
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The method for early diagnosis of keratoconus
based on multi-modal data according to claim 1,
wherein the branch A method comprises the follow-
ing specific steps:

A-1: performing data scaling: scaling all of the
data matrices of the four refractive maps proc-
essed in step 3) to a size of 224x224 by linear
interpolation;

A-2: performing data normalization: dividing da-
tain step A-1 into a training set and a validation
set according to a ratio of 7:3, then calculating
means and standard deviations of the data ma-
trices of the four refractive maps on the training
set respectively to correspondingly obtain 4
means and 4 standard deviations, and then nor-
malizing data matrices of four refractive maps
for all cases with the means and the standard
deviations;

A-3: based on classification network design of
the deep convolutional network, performing bi-
nary classification on the data matrices of the
four refractive maps using a Resnet50 classifi-
cation network to identify a normal cornea and
the keratoconus in one eye;

A-4: training a classification model: connecting
the data matrices of the four refractive maps ac-
cording to a channel to obtain an input of 4 chan-
nels, wherein data amplification uses rotation,
translation, and random fuzzy preprocessing,
and a loss function uses a binary cross entropy
function; using training weights of MobileNetV3
on an IMAGENET dataset as initial weights, and
then performing fine-tuning training; and finally
selecting a training weight with a smallest differ-
ence between loss values of the training setand
the validation set as a training result;

A-5: performing model index evaluation: making
predictions on the validation set, and then com-
paring with a true value for evaluation to finally
obtain the sensitivity and specificity of the
branch A method in identifying the keratoconus;
and

A-6: outputting results: if test sensitivity and spe-
cificity of the training set in step A-5 meet re-
quirements, recording probabilities of the kera-
toconus of the branch A method for the certain
case as p(Al) and p(Ar) respectively; and out-
putting classification results: P(A)=p(Al),
(p(A)>p(Ar)), and p(Ar), (p(AN<p(Ar)).

The method for early diagnosis of keratoconus
based on multi-modal data according to claim 1,
wherein the branch B method comprises the follow-
ing specific steps:

B-1: calculating axial curvature eigenvalues of
the anterior corneal surface: calculating a max-
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imum curvature point and position coordinates
in a data matrix of an axial curvature of the an-
terior corneal surface, calculating an inferior-su-
perior (I1S) value of a difference between upper
and lower refractive power at a position with a
diameter of 6 mm, and calculating a surface reg-
ularity index (SRI) and a surface asymmetry in-
dex (SAIl) within a diameter of 4.5 mm;

B-2: calculating relative elevation eigenvalues
of the anterior corneal surface: calculating a
maximum elevation and position coordinates in
a data matrix of a relative elevation of the ante-
rior corneal surface;

B-3: calculating relative elevation eigenvalues
of the posterior corneal surface: calculating a
maximum elevation and position coordinates in
a data matrix of a relative elevation of the pos-
terior corneal surface;

B-4: calculating corneal thickness eigenvalues:
calculating a minimum thickness and position
coordinates in a data matrix of a corneal thick-
ness, and calculating a thickness at a corneal
vertex;

B-5: calculating distance eigenvalues: calculat-
ing a distance from a position of the maximum
elevation of the anterior corneal surface in step
B-2 to a position of the maximum elevation of
the posterior corneal surface in step B-3, calcu-
lating a distance from the position of the maxi-
mum elevation of the anterior corneal surface in
step B-2 to a position of the minimum corneal
thickness in step B-4, and calculating a distance
from the position of the maximum elevation of
the posterior corneal surface in step B-3 to the
position of the minimum corneal thickness in
step B-4;

B-6: calculating corneal volume eigenvalues:
performing volume integral on the data matrix
of the corneal thickness within a radius of 4.5 to
obtain a corneal volume;

B-7: normalizing all of the eigenvalues in steps
B-1 to B-6, and dividing all of the normalized
case data eigenvalues into a training set and a
validation set according to a ratio of 7:3;

B-8: performing feature training on feature data
of the training set normalized in step B-7 by the
binary classification method using the SVM,
wherein a radial basis function (RBF) kernel is
selected in the process, and optimal c and g are
obtained to train data using cross-validation and
grid-search;

B-9: performing model index evaluation: making
predictions on the validation set, and then com-
paring with a true value for evaluation to finally
obtain the sensitivity and specificity of the
branch B method in identifying the keratoconus;
and

B-10: outputting results: if test sensitivity and
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specificity of the training set in step B-9 meet
requirements, recording probabilities of the
keratoconus of the branch B method for the cer-
tain case as p(Bl) and p(Br) respectively; and
outputting classification results: P(B)=p(Bl),
(p(BI)>p(Br)), and p(Br), (p(Bl)<p(Br)).

The method for early diagnosis of keratoconus
based on multi-modal data according to claim 1,
wherein the branch C method comprises the follow-
ing specific steps:

C-1: calculating standard relative elevation data
of the anterior corneal surface: for the absolute
elevation data of the anterior and posterior cor-
neal surfaces, performing spherical fitting on the
absolute elevation data of the anterior corneal
surface within a diameter of 8 mm to obtain a
BFS value, and taking an elevation difference
between the data of the anterior corneal surface
and the obtained BFS as the standard relative
elevation data of the posterior corneal surface;
C-2: calculating feature elevation data of the an-
terior corneal surface: for the absolute elevation
data of the anterior and posterior corneal sur-
faces, removing data within a radius of 2 mm of
a thinnest point for spherical fitting by taking the
absolute elevation data of the anterior corneal
surface within a diameter of 8 mm as a bench-
mark to obtain a BFS value; and offsetting 5
groups of data up and down respectively by tak-
ing the current BFS as a benchmark and 0.2 mm
as a stride to obtain 11 groups of different BFS
values, and taking an elevation difference be-
tween the data of the anterior corneal surface
and the obtained different BFS as the feature
relative elevation data of the posterior corneal
surface;

C-3: calculating enhanced elevation data of the
anterior corneal surface: calculating a difference
between the standard relative elevation data ob-
tained in step C-2 and the 11 groups of feature
relative elevation data obtained in step C-3 to
obtain 11 groups of enhanced data of the ante-
rior corneal surface;

C-4: calculating standard relative elevation data
of the posterior corneal surface: for the absolute
elevation data of the anterior and posterior cor-
neal surfaces, performing spherical fitting on the
absolute elevation data of the posterior corneal
surface within a diameter of 8 mm to obtain a
BFS value, and taking an elevation difference
between the data of the posterior corneal sur-
face and the obtained BFS as the standard rel-
ative elevation data of the posterior corneal sur-
face;

C-5: calculating feature elevation data of the
posterior corneal surface: for the absolute ele-
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vation data of the anterior and posterior corneal
surfaces, removing data within a radius of 2 mm
of a thinnest point for spherical fitting by taking
the absolute elevation data of the posterior cor-
neal surface within a diameter of 8 mm as a
benchmark to obtain a BFS value; and offsetting
5 groups of data up and down respectively by
taking the current BFS as a benchmark and 0.2
mm as a stride to obtain 11 groups of different
BFS values, and taking an elevation difference
between the data of the posterior corneal sur-
face and the obtained different BFS as the fea-
ture relative elevation data of the posterior cor-
neal surface;

C-6: calculating enhanced elevation data of the
posterior corneal surface: calculating a differ-
ence between the standard relative elevation
data of the posterior corneal surface obtained in
step C-4 and the 11 groups of feature relative
elevation data obtained in step C-5 to obtain 11
groups of enhanced data of the posterior corneal
surface;

C-7: counting a critical threshold between the
keratoconus cases and the normal cases in
each group of data in combination with all sam-
ple data by taking a matrix of a total of 22 groups
of enhanced data of the anterior and posterior
corneal surfaces obtained in steps C-3 and C-6
as a feature; and

C-8: recording probabilities of the keratoconus
of the branch C method for the certain case as
p(Cl) and p(Cr) respectively, wherein p(C/) and
p(Cr) are obtained through accumulation by tak-
ing a difference between each group of en-
hanced data calculated from a current case and
the critical threshold obtained in step C-7 as a
weight ratio; and outputting classification re-
sults: P(C)=p(Cl), (p(Cl)>p(Cr)), and p(Cr),
(P(Ch<p(Cr)).

The method for early diagnosis of keratoconus
based on multi-modal data according to claim 1,
wherein the branch D method comprises the follow-
ing specific steps:

D-1: unifying data orientations: mirroring the da-
ta matrices of the four refractive maps for the
right eye in a longitudinal direction, and unifying
nasal and bitamporal orientations of the data
matrices of the four refractive maps for the left
and right eyes;

D-2: obtaining diff diagram matrices of the four
refractive maps: calculating a point-to-point dif-
ference of the data matrices of the fourrefractive
maps for the left and right eyes respectively and
then taking an absolute value to obtain the diff
diagram data matrices of the four refractive
maps;
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D-3: calculating diff data features: calculating an
average value, a maximum value, and a stand-
ard deviation of all data in the diff diagram data
matrices of the four refractive maps within a di-
ameter of 6 mm respectively as feature quanti-
ties;

D-4: counting a critical threshold between the
keratoconus cases and the normal cases in
each group of data in combination with all sam-
ple data by taking the 12 groups of average val-
ues, maximum values, and standard deviations
of diff diagrams of the four refractive maps for
the corneas of the left and right eyes obtained
in step D-3 as features, or normalizing features
of all types of diff data for training and testing
using the SVM classification method to give the
optimal sensitivity and specificity; and

D-5: recording a probability of the keratoconus
of the branch D method for the certain case as
P(D), wherein P(D)is obtained through accumu-
lation by taking a difference between an eigen-
value of each group of diff data calculated from
acurrent case and the critical threshold obtained
in step D-4 as a weight ratio.
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